avpv over the morning to evening transition during proestrus preceding the Lh surge. 14 this regulation of Kiss-1 suggests that Kiss-1 plays a role in mediating Gnrh output through sex steroid feedback.
prior to the discovery of its reproductive significance, kisspeptin was studied for its antimetastatic effects on tumors. KISS1, the gene encoding the kisspeptins, was first described in 1996 as a tumor suppressor gene. 16 overexpression of the gene in melanoma and breast cancer cells in vitro was found to inhibit metastasis. 17 hori et al. 18 found that kisspeptin significantly suppressed cell motility in a chemotaxis assay and wound-healing assay at 10 to 100 nm. microarray analysis performed on mda-mB-435s cells expressing Gpr54 and stimulated by kisspeptin-10 showed an upregulation of genes controlling cell cycle and apoptosis. 19 moreover, kisspeptin-10 and Gpr54 have been found to suppress the chemotactic activity of the cXcr4 receptor, a G-protein-coupled receptor involved in metastasis. 20 due to its central nervous system location of action and primary control of the Gnrh-gonadotropic-gonadal axis, Gpr54 presents itself as an ideal target for pharmacologic agents in the treatment of reproductive disorders. Given the role of Gpr54 in tumor metastasis, modulators of the receptor may also be useful in the management of cancers, especially sex steroid-dependent tumors where the dual actions of metastasis suppression and sex steroid regulation would prove especially valuable. currently, only injectable peptidic Gnrh agonists and/or antagonists are available for manipulation of the reproductive axis; small-molecule modulators that are orally active have proven elusive. here we report the development of a high-throughput screen (hts) to identify smallmolecule agonists and antagonists that could activate or inhibit Gpr54 and its downstream targets in vitro. For this hts, we created a stably transfected chinese hamster ovary (cho) cell line that expresses human Gpr54 (hGpr54). modulation of Gpr54 activation was measured using the cell-based ip one htrF™ assay that quantifies the accumulation of inositol monophosphate (ip1), the stable breakdown product of ip3 generated following activation of G q/11 -coupled receptors.
MAterIALS And MetHodS
Reagents dulbecco's modified eagle's medium: nutrient mixture F-12 (dmem:F12) was purchased from invitrogen (carlsbad, ca), fetal bovine serum (FBs) was from omega scientific (tarzana, ca), and penicillin-streptomycin (pen-strep) and geneticin were from invitrogen. all restriction enzymes were purchased from new england Biolabs (Beverly, ma). mouse and human kisspeptin-10 (mkiss-10 and hkiss-10) were synthesized by the tufts University core Facility (Boston, ma). human kiss-10 was best solubilized in dmso, whereas mkiss-10 was soluble in water.
Generation of DNA construct pIRESneo3(hGPR54)
hGpr54 cdna was subcloned into the bicistronic mammalian expression vector piresneo3 (clontech, mountain view, ca) to favor the selection of clones with high expression of the transgene. We excised the full-length hGpr54 cdna from the pcmvsport6 hGpr54 expression vector (invitrogen) (1) by NotI and EcoRI digestion. this fragment was then ligated to piresneo3 that had been digested and linearized with EcoRI and NotI. the plasmid construct was amplified in bacteria in medium containing ampicillin. colonies were isolated and dna extracted by the Qiagen miniprep Kit (Qiagen, valencia, ca). pcr was performed on miniprep dna to verify that the hGpr54 cdna was incorporated into the vector at the multiple cloning site and confirmed by sequence analysis.
Heterologous receptor expression and functional analysis in mammalian cells
to obtain mammalian cells stably expressing piresneo3 (hGpr54) or the empty piresneo3 vector, cho cells were transfected with 2 µg of either construct using Geneporter (Genlantis, san diego, ca), following the manufacturer's instructions. transfected cells then underwent 4 rounds of selection in dmem:F12 with 10% FBs, 1% pen-strep, and 800 µg/mL of geneticin. individual cell colonies were selected by overlaying separate colonies with sterile cloning disks (scienceware, pequannock, nJ). stable cell lines were later maintained in the same medium.
total rna was extracted from clonal cell lines using tri reagent (sigma-aldrich, st. Louis, mo), and 10 µg of rna from each clone was subjected to northern blot analysis to confirm Gpr54 expression. total rna was separated on a denaturing mops gel, blotted onto a nylon membrane (schleicher & schuell, Keene, nh), and hybridized with a Gpr54 crna probe labeled with [α-32 p]Utp (perkinelmer, Waltham, ma) using rna polymerase (new england Biolabs). membranes were also probed for cyclophilin as a housekeeping gene. 3 H-inositol phosphate (IP) assay. 3 h-ip assays were performed on piresneo3(hGpr54)-and empty vector-transfected stable cho cells plated in 6-well plates, as previously described. 21 after incubation of the cells for 24 h at 37°c, medium was replaced with 1 mL inositol-free dmem for 2 h, and then 1 mL of the same medium containing 2 µci myo-(2-3 h) inositol (perkinelmer), followed by the addition of 10 mm Licl 15 min later. after an 18-h incubation at 37°c, cells were stimulated with increasing concentrations of hkiss-10 for 45 min. cells were extracted twice for 30 min on ice with 20 mm formic acid, and lysates were neutralized to ph 7.5 with 7.5 mm hepes plus 150 mm Koh. after centrifuging for 2 min at 14,000 g, protein content in the lysates was measured (coomassie plus protein assay reagent, pierce chemical co., rockford, iL), and the supernatants were loaded onto ag-X8 resin anion exchange columns (Bio-rad Laboratories, hercules, ca) previously equilibrated with 2 mL of 1 m naoh, 2 mL of 1 m formic acid, and 5 × 5 mL ddh 2 o. the columns were washed with 5 mL ddh 2 o and then 5 mL of 5 mm borax and 60 mm sodium formate, and ips were eluted with 3 mL of 0.9 m ammonium formate, 0.1 m formic acid. the incorporation of radioactivity in the eluates was measured in a scintillation counter, and each sample was corrected for protein content. all assay points were performed in triplicate, and each experiment was repeated at least 3 times.
Western blot analysis of ERK-1/2 phosphorylation. the piresneo3(hGpr54)-and empty vector-transfected stable cho cells were plated in 6-well plates. after incubation for 24 h at 37°c, cells were incubated an additional 24 h in serumfree dmem:F12, followed by stimulation with increasing concentrations of hkiss-10 for 5 min. initial time course studies indicated that hkiss-10 induced phosphorylated erK-1/2 (perK) maximally at 5 min. cells were lysed on ice with ripa buffer (santa cruz Biotechnology, inc., santa cruz, ca) containing 0.1 mg/mL phenylmethylsulfonyl fluoride and 1 mm sodium orthovanadate. cell lysates were sonicated for 20 s on ice and centrifuged for 10 min at 14,000 g at 4°c. the protein content in the supernatant was measured, and 20 µg of denatured protein/well was loaded in either singlet or duplicate onto 12% polyacrylamide gels, and electrophoresis was carried out according to standard protocols. proteins were transferred to nitrocellulose membranes and incubated overnight with a mouse anti-perK igG (1:5000; sc-7383, santa cruz), followed by incubation with goat antimouse igG-hrp (1:5000; sc-2060, santa cruz). immunoreactive bands were detected using luminol chemiluminescence reagent (perkinelmer), and perK bands were normalized to total erK in the same membranes after strip washing (restore buffer, pierce chemical co.). total erK was determined as above after overnight incubation with a rabbit anti-erK igG (1:4000; sc-94, santa cruz), followed by incubation with donkey antirabbit igG-hrp (1:8000; sc-2313, santa cruz).
Testing of HTS assays
three screening assays amenable to adaptation to hts automation were tested, including (1) a fluorescence polarization assay, (2) an amplified luminescent proximity homogeneous assay for phosphorylated erK (alphascreen™, perkinelmer), and (3) a fluorescence resonance energy transfer (Fret)-based ip-one homogeneous time-resolved fluorescence (htrF™) assay (cis-Us, Bedford, ma). the fluorescence polarization assay was designed to measure ligand binding to Gpr54 by combining compounds and BodipY-labeled hkiss-10 (synpep, dublin, ca) with membrane preparations from stably transfected Gpr54expressing cells in black microplates (corning, inc., corning, nY). then, 50 µL of test compound was mixed with 100 µL of varying dilutions of BodipY-labeled hkiss-10, followed by addition of 50 µL of membrane preparation. after mixing briefly at room temperature, the plates were then read at 525nm and 565-nm wavelengths on an instrument capable of detecting fluorescence polarization (LJL analyst, molecular devices, sunnyvale, ca).
the alphascreen sureFire™ erK assay measures erK phosphorylation in cell lysates as the result of activation of G qcoupled receptors. Binding of phospho-erK to antibodycoated alphascreen™ donor and acceptor beads generates an amplified signal that is proximity based. the day after plating cells in 384-well plates, the media over the cells were replaced with serum-free media. on the following day, the cells were stimulated with test compounds and hkiss-10 as a positive control; both 5-and 10-min time points were tested. after stimulation, media were aspirated and lysis buffer was added to each well. after the plate was shaken, 20 µL of cell lysate from each well was transferred to a white microplate, 5 µL activation buffer was added, and 6 µL of the donor/acceptor bead mixture was added in reaction buffer under dark conditions. after plates were sealed, shaken, and incubated at reader temperature for 2 h, luminescent signal was detected by a plate reader with alphascreen™ detection capability (envision™, perkinelmer) at 680-nm and 570-nm wavelengths.
the ip-one htrF™ assay directly measures ip1 resulting from the activation of G q -coupled receptors in cultured cells. a monoclonal antibody specific for ip1 labeled with the inert rare earth fluorescent tracer europium (eu) cryptate competes for endogenous ip1 and ip1 coupled to the dye d2. Fret between the eu cryptate donor and the d2 XL665 acceptor generates a long-lived signal that is detected at 2 different wavelengths (620 nm and 665 nm), using htrF™ reader technology to minimize the detection of autofluorescence from unbound fluorophores. calculation of the signal ratio at 2 different wavelengths also corrects for possible photophysical interference of the media and/or colored compounds. the specific signal is inversely proportional to the concentration of ip1 in the cell lysate. this assay was pursued further than the other two and optimized as described below.
Screening for GPR54 agonists. We performed additional optimization experiments of the ip-one htrF™ assay in 384-well white plates with or without clear bottoms (nunc, thermo Fisher scientific, rochester, nY). cells were passaged using trypLe™ express (invitrogen) and added in medium to plates using the thermoscientific multidrop (Waltham, ma) 1 day prior to assay. plates were sealed with gas-permeable aeraseals (Bellco Glass, vineland, nJ) and incubated overnight in a humidified 5% co 2 /95% air thermoForma (Waltham, ma) incubator at 37°c. the following day, all medium was removed using a 384-well plate aspirator (eLx405™, Biotek, Winooski, vt) just prior to compound addition. immediately thereafter, 10 µL of ip-one stimulation buffer containing compound for a final concentration of 1 µm in 0.1% final concentration of dmso was added. human kiss-10 was used as a positive control at a dose of 0.1 µm and was added at a final dmso concentration of 1%. after incubation at 37°c for 1 h, 5 µL of ip1-d2 conjugate followed by 5 µL of eu-cryptate-labeled anti-ip1 antibody were added. all additions were performed with the Biomek™ FX Laboratory automation Workstation (Beckman coulter, Fullerton, ca). after incubation at room temperature for 1 h, htrF™ at 620 nm and 665 nm was measured on the pherastar multimodal plate reader (BmG Labtech, offenburg, Germany).
Screening for GPR54 antagonists. as in the agonist protocol, 1 day after plating, all medium was removed using a 384-well plate aspirator (eLx405™) immediately prior to compound addition. during the time of optimization of the antagonist screen, a newer version of the ip-one htrF™ kit was tested and incorporated into the screen. Using the new kit, 7 µL of ip-one stimulation buffer containing compound for a final concentration of 1 µm in 0.1% final concentration of dmso was added. after incubation at 37°c for 1 h, 7 µL of hkiss-10 at 2 × 10 -7 m was added. this submaximal dose was found to approach the ec 80 after we identified a shift in the ec 50 after scaling the assay up to 30+ plates per run, particularly in the antagonist screen protocol that had more steps and took more time. the shift in ec 50 was thought to be due to compound loss in the source plate on the robot and extended plate time outside of the incubator that was unavoidable with larger numbers of plates.
after incubation at 37°c for 45 min, 3 µL of ip1-d2 conjugate was added, followed by 3 µL of eu-cryptate-labeled anti-ip1 antibody. all additions were performed with the Biomek FX. after incubation at room temperature for 1 h, htrF™ at 620 nm and 665 nm was measured on the pherastar plate reader.
Cell viability assays. cell viability assays were performed using the tetrazolium dye mts (celltiter 96 aqueous one solution, promega, madison, Wi) following the manufacturer's instructions, to ensure that plating with the multidrop was consistent. one day after cells were plated with the multidrop, 10 µL of mts tetrazolium compound was added to all wells and the plates incubated at 37°c for 2 h. mts is bioreduced by cells into a formazan product that causes a color change in the medium that may be measured at 490 nm. the plates were read at this wavelength on the spectramax plus 384 plate reader (molecular devices, sunnyvale, ca), and the percent coefficient of variance between wells remained below 10%.
Small-molecule library used for HTS
the small-molecule library of the Laboratory for drug discovery in neurodegeneration (Lddn) at Brigham and Women's hospital was screened. the Lddn compound library contains approximately 110,000 compounds. the collection consists of compounds purchased from 10 primary vendors. most compounds in the library are from commercial sources with resupply readily available. all compounds in the Lddn in-house collection were plated in 384-well plates. typically, 352 unique compounds are arrayed in a 384-well plate, leaving columns 23 and 24 vacant. compounds were dissolved in dmso to a 10-mm final concentration and stored desiccated at -20°c. the target average final concentration of the compound library for screening in cell-based assays was 1 µm.
various computational filters were applied to select compounds for the Lddn library with an increased probability of oral bioavailability and blood-brain barrier penetration, including calculations of polar surface area, Lipinski's "rule of 5," 22 and filters to reduce common toxicophores and undesirable/ non-drug-like functionalities. the result has been a high-quality collection of drug-like molecules that has been tested successfully in a number of screening campaigns.
Statistical analysis
the data from dose-response experiments were subjected to nonlinear regression analysis, and the ec 50 was calculated using prism 3.0 (Graphpad software, inc., san diego, ca). results from independent experiments were analyzed by analysis of variance (anova) followed by a tukey-Kramer multiplecomparison post hoc test using instat 3.0 (Graphpad) to determine statistical difference in pairwise comparisons. error bars represent sem, and p-values <0.05 were considered statistically significant in all figures.
reSuLtS

Generation and characterization of stable CHO cell transfectants
For use in our hts assay, we created clonal cell lines stably expressing piresneo3(hGpr54) or the empty piresneo3 vector. the empty piresneo3 vector-expressing line (referred to as cho-control) was created to serve as a negative control when testing compounds for Gpr54 specificity. after introduction of the expression vectors into cho cells, the transfected cells underwent 4 rounds of selection in medium containing 800 µg/mL of geneticin using cloning disks. seventeen clones were selected and expanded, and total rna was extracted. clones were screened for ip induction in response to hkiss-10, and the 4 clones showing the highest response were screened by northern blot analysis using a Gpr54 riboprobe to confirm the presence or absence of Gpr54 expression, as well as to compare the levels of expression. empty piresneo3 vectorexpressing clones were also screened to confirm the specificity of bands observed by northern blot with the Gpr54 riboprobe. a band approximately 3 kb in size, consistent with the size of hGpr54 cdna, was present in stable cho cell transfectants expressing hGpr54 but not in cho-control ( Fig. 1A) . northern blot analysis was also performed with a cyclophilin riboprobe to confirm the integrity of the rna samples (not shown).
clonal cell lines were subjected to ip assay after stimulation with increasing concentrations of hkiss-10 to assess the functional status of hGpr54 expressed by cells. the hGpr54-expressing clone with the greatest induction of ip production in response to hkiss-10 stimulation was used in all subsequent experiments and will be referred to as cho-Gpr54 (Fig. 1B) . the ec 50 for hkiss-10-induced ip production in these studies was between 1.2 and 3.9 nm, consistent with previously published data. 23 piresne03transfected ("empty vector") stable cho-control cells showed no response to hkiss-10 ( Fig. 1B) , confirming the absence of functional Gpr54 receptors in cho cells. results from the ip assay were confirmed by measurement of erK1/2 phosphorylation by Western blot analysis following stimulation with increasing doses of hkiss-10. these studies revealed a greater increase in perK1/2 levels 5 and 10 min after hkiss-10 stimulation in this clonal line (cho-Gpr4) than in the other Gpr54-expressing stable transfectants generated and studied (data not shown). the stimulation of erK phosphorylation in this clonal line was also dependent on kisspeptin dose (Fig. 1c) . this cho-Gpr54 clone, which was the most highly responsive to hkiss-10 in both the ip assay and Western blot analysis for perK, was selected for use in high-throughput assays. piresne03transfected ("empty vector") stable cho cells (cho-control) showed no increase in erK1/2 phosphorylation in response to hkiss-10 ( Fig. 1c) .
HTS assay selection and optimization of IP-One HTRF™ assay
of the 3 assays tested, ultimately we selected the ip-one htrF™ assay for use in our hts assay (see materials and methods). in the fluorescence polarization assay, the BodipYlabeled kisspeptin tended to aggregate in solution, leading to high values in all wells. the aggregation improved only at high salt concentrations (nacl 500 mm) that would also have interfered with compound binding to receptor. another advantage of the ip-one htrF™ assay over the fluorescence polarization assay was the ability to measure receptor function in cells as opposed to simply binding. the alphascreen sureFire™ erK assay was not selected due to the need to serum deprive cells prior to the assay, adding an additional day to the hts protocol, and the requirement of dark assay conditions due to light and temperature sensitivity of the beads. there was also a tendency for high background readings with the sureFire™ erK assay, even in negative control wells. We performed optimization experiments of the ip-one htrF™ assay in 384-well white microplates and tested plating densities of 10,000, 20,000, 30,000, 40,000, and 60,000 cells/ well and volumes of 40 and 80 µL. We found the optimal plating density to be 30,000 cells/well in a volume of 40 µL as this density yielded the most consistent hkiss-10 dose response with the lowest background readings in the smallest amount of media. serum deprivation did not improve results. preliminary automated ip1 dose-response experiments using both mkiss-10 and hkiss-10 performed on different days yielded inhibition curves with an ec 50 of 0.6 to 1.3 nm, values consistent with published K d values (Fig. 2) . 23 ip1 results comparing hkiss-10 (dissolved in dmso) and mkiss-10 (dissolved in water) were similar, providing background information on the lack of nonspecific or toxic effects of dmso when testing library compounds.
HTS Assays for GPR54 agonists and antagonists
We screened the Lddn library of 110,000 small-molecule compounds to search for agonist compounds. compounds with greater than 30% activation of ip1 at a concentration of 1 µm were designated as "hits" and subjected to further verification of activity (Fig. 3A, lower panel) . thirty percent activation was chosen arbitrarily as the cutoff for selecting activators to generate a hit rate of <0.5%. our overall hit rate was 0.06% (72 compounds). We used the statistical calculation for the Z′ factor 24 to define signal dynamic range and the data variation associated with the ip1 signal measurements. in general, Z′ factors greater than 0.5 indicate excellent quality for an assay. 24 of the 338 plates tested in our screen, most had a Z′ value between 0.65 and 0.75, indicating a robust assay (Fig. 3A, upper panel) .
We rescreened the library for antagonist compounds that inhibited ip1 induction by 0.2 µm hkiss-10 (submaximal, ec 80 concentration), which was added to all wells except negative control wells 1 h after compound additions. Because there were no known antagonists available for our use at the time of the screen, readings from negative control wells lacking hkiss-10 were used to define 100% inhibition. compounds with greater than 50% inhibition of kisspeptin-stimulated ip1 at 10 µm concentration were subjected to further verification of activity ( Fig. 3B, lower panel) , and of the 387 plates tested, most had a Z′ value between 0.75 and 0.85 (Fig.  3B, upper panel) . the Lddn compound library had expanded during the time between the agonist screen and the antagonist screen, thus accounting for additional plates in the antagonist screen. Fifty percent inhibition was chosen arbitrarily as the cutoff for selecting antagonists to generate a hit rate of <0.5%. our overall hit rate was 0.05% (64 compounds).
of the 72 compounds identified in our initial agonist screen, only 1 of these hits was verified on repeat screening. this candidate compound also showed evidence of dosedependent activation of cellular ip1 accumulation ( Fig. 4) and was not cytotoxic on mts testing, whereas the remaining 71 compounds either were cytotoxic or did not show dose-dependent activation. 3 h-ip assays of the cho-Gpr54 cell line also showed a significant response to the candidate agonist in the cho-Gpr54 cell line, with a maximal induction of 33.0 ± 1.3-fold at a 10 -3 m concentration of the agonist, the highest concentration tested (Fig. 5) . By comparison, 10 -10 m hkiss-10 resulted in a 23.7 ± 0.93-fold increase in ip production in the same assay (data not shown). in contrast, the empty vector cho-control cell line did not respond to the candidate agonist with any increase in ip production ( Fig. 5) . ip induction triggered by this agonist indicates activation of the G q/11 pathway, known to be coupled to Gpr54. also, the absence of activation in the empty vector cho-control cell line that does not express Gpr54 demonstrates that the ip response is Gpr54 specific.
of the 64 compounds identified in the antagonist screen, 7 of these hits showed both dose-dependent inhibition and were not cytotoxic on mts testing, whereas the remaining compounds either were cytotoxic or did not show dosedependent inhibition. dose dependency was determined by testing the ability of 0.1-, 1.0-, and 5.0-µm concentrations of the compounds to inhibit ip1 activation by 0.2 µm hkiss-10 ( Fig. 6) . 
dIScuSSIon
Kisspeptins are a family of peptides encoded by the KISS1 gene and expressed in the placenta and in the central nervous system, particularly in the avpv and arc nuclei of the hypothalamus. 13, 23 they activate the G-protein-coupled receptor, Gpr54, to mediate the release of Gnrh from hypothalamic Gnrh neurons. Gpr54, a member of the rhodopsin subclass, is widely expressed in human tissues but its highest concentration is in placenta, brain, and pituitary. 23 the kisspeptin/Gpr54 dyad coordinates signals conveying the pubertal, hormonal, and metabolic status of the organism to the brain, 10 modulating Gnrh and hence gonadotropin release accordingly. as discussed earlier, this system has also been shown to inhibit tumor metastasis in melanoma and breast cancer cells by suppressing cell motility and chemotaxis. 17, 18 We present herein an hts strategy for small-molecule agonists and antagonists of Gpr54 using a piresneo3(hGpr54)transfected cho cell line (cho-Gpr54), with ip1 as the primary signal as detected by the ip one htrF™ assay. We have compared several screening assays in this study and selected this functional cellular signaling assay as the preferred assay for this Gq-coupled receptor over others tested for several reasons. in the fluorescence polarization assay, the BodipYlabeled hkiss-10 aggregated in solution, leading to high nonspecific background values that made it difficult to detect true positives over the background signal. high salt concentrations decreased compound aggregation but also interfered with compound binding to the receptor, raising the concern that we would increase our false-negative rate. another disadvantage of the fluorescent membrane binding assay compared to the functional assays was its inability to distinguish agonists from antagonists in the hts. Yet another potential disadvantage of the fluorescence polarization assay was that it would only detect compounds that interfered with BodipY-hkiss-10 binding to Gpr54, so that compounds that could interact with Gpr54 through allosteric mechanisms would not be detected. For these reasons, we preferred a functional assay. the ip-one htrF™ assay was selected over the alphascreen sureFire™ erK assay because of the more complex nature of the alphascreen sureFire™ erK assay. the need to serum deprive cells prior to the assay, adding an additional day to the hts protocol, and the requirement for dark assay conditions due to light and temperature sensitivity of the beads both made the erK assay more difficult for hts assays. the ip-one htrF™ assay may be a preferred hts strategy for identifying small-molecule agonists and antagonists of Gq-coupled receptors in general.
in the ip-one htrF™ assay, the Z′ factor indicated a robust assay. in the agonist screen, for which we chose a 30% ip1 activation threshold, we identified 72 compounds (hit rate of 0.06%). on further verification, one of these hits showed dosedependent activation and was not cytotoxic on mts testing. on the antagonist screen, we set a threshold of 50% inhibition of ip1 and identified 64 compounds for a hit rate of 0.05%. seven of these hits showed dose-dependent inhibition and were not cytotoxic on mts testing. the false-positive rate with the ip-one kit was high, and the source of the false positives is unknown but could be due to occasional pipetting errors, although our Z′ rate would argue against this. there may be something inherent to the components of the kit or htrF™ technology that produces a higher false-positive rate. the use of the ip one htrF™ assay has been described previously for this target as part of a triple assay screening campaign. 25 Unlike fluorescent membrane binding assays, the advantage of this particular assay in screening activators or inhibitors of G q/11coupled receptors is that receptor function in the cell is measured directly. the drawback is that the assay is cell based and as such is more cumbersome for high-throughput application.
Further characterization of the stimulatory and inhibitory compounds is currently under way, correlating their ec 50 values with their capacity to upregulate or downregulate G q/11coupled second messengers such as inositol phosphates and phosphorylated erK. competitive binding assays with i 125kisspeptin are being performed to determine if the modulators are able to displace kisspeptin at functionally relevant doses or if an allosteric mode of action is responsible. in vivo testing in rodents is also being performed to determine if the compounds are able to stimulate Lh secretion or inhibit kisspeptin-induced Lh secretion.
the discovery of Gpr54 agonists and antagonists may provide novel therapies to harness control of the neuroendocrine reproductive axis, as well as supply a means to prevent metastatic spread of malignancies. Like Gnrh agonists, Gpr54 agonists may serve to stimulate gonadotropin release in the short term and downregulate the gonadotropic axis when given long term. in fact, continuous intravenous administration of hkiss-10 to juvenile male rhesus monkeys for 4 days was shown to desensitize Gpr54-mediated Gnrh release after an initial increase in Gnrh (quantified by Lh response) during the first 3 h of infusion. 26 antagonists of Gpr54 likely would primarily be used to suppress the gonadotropic axis without an initial stimulatory effect, or flare. the lack of flare effect may be desirable in certain clinical situations such the treatment of sex steroid-dependent cancers, where a transient spike in sex steroid production may promote tumor growth and/or invasion. therapeutic use of the known ligand of Gpr54, kisspeptin, possesses limitations as it must be given parenterally, and stability of peptides may be problematic. hts of a small-molecule library for Gpr54 modulators provides the advantages of testing readily available and, in some cases, clinically approved drugs that may be brought to the clinical arena sooner than kisspeptin peptide analog design and synthesis, currently being undertaken by several other groups. [27] [28] [29] [30] these groups have employed alanine and d-amino acid scanning on the biologically active kisspeptin fragment to identify residues critical for receptor activation. a modified pentapeptide was generated with the most potent Gpr54 agonistic activity reported to date. 28 Key modifications in the carboxy-terminal 5 amino acids of the decapeptide led to the development of a peptide Gpr54 antagonist. 27 peptidic approaches represent a feasible alternative method of identifying analogs for G-protein-coupled receptors (Gpcrs) with known peptide ligands as it is often difficult to identify small molecules that activate these Gpcrs. the only other hts for small-molecule Gpr54 agonists reported also identified only a single positive hit, in this case out of 365 primary hits. 25 to our knowledge, our study is unique in that it represents only the second report of an hts of a small-molecule library for Gpr54 agonists and the first hts for antagonists of Gpr54.
interestingly, this previous report of an hts for kisspeptin analogs was based on a concomitant hts of a 50,000-compound library using 3 different assays (aequoscreen™ technology, ip one htrF™, and a multiplex assay composed of both Fluo-3 and Fura-2 loaded cells) in addition to a fluorescence-based homogeneous calcium dye assay. this screening strategy confirmed 1 selective active hit, 25 similar to our agonist screen. Further characterization of this hit has not yet been published. this very low hit rate reported by cassutt et al. 25 is consistent with our findings. if the small-molecule modulator identified in the screen does act at a site separate from the kisspeptin binding site, presumably also the site of action for peptidic analogs, novel therapeutic combinations, and modes of administration may be possible.
in summary, the identification of modulators of Gpr54 may permit more precise control of the hypothalamic-pituitarygonadal axis. developing orally active drug therapies to achieve control of the hormonal axis may facilitate the treatment of a variety of reproductive disorders and cancers. these smallmolecule compounds may also be used to probe the mechanisms of activation and inhibition of this Gpcr through testing of wild-type and mutant receptor isoforms.
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